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Abstract: A 3D numerical simulation was conducted to test the effects of geometric and operational parameters on
the cooling performance of a three-phase electrical distribution transformer (250 kVA oil natural air natural (ONAN)).
The geometric parameters include the shape of the transformer (rectangular, circular, and hexagonal), the shape of the
fins (rectangular, semicircular, and trapezoidal), as well as their arrangement (asymmetric fin heights and perforated
fins). Both oil temperature and thermal load were used as boundary conditions. In order to verify the reliability of the
numerical model, a comparison between numerical results and experimental findings has been made. The results indicate
that the circular and hexagonal shapes reduced the average oil temperature by 3.4% and 4.7%, respectively, compared
to the traditional transformer shape (rectangular). Furthermore, the lowest average oil temperature was observed with
the trapezoidal fin, followed by the rectangular and semicircular fins. Additionally, it has been noticed that asymmetric
fin heights in trapezoidal and perforated trapezoidal fins contributed to the improvement of the cooling performance of
the transformer. Furthermore, the best thermal performance was obtained with the trapezoidal perforated fin compared
to other arrangements of fins. Finally, the highest reduction in oil, approximately 12%, has been obtained by the use of
a hexagonal transformer with a perforated trapezoidal fin, compared to the traditional rectangular transformer. Hence, it
can be concluded that the shape of the transformer and fins plays an important role in the thermal performance of such
systems.

Keywords: power transformer, numerical simulation, natural convection, thermal optimization, fin shape, transformer
geometry

1. Introduction

Power transformers are one of the important basic equipment for electrical power distribution and transmission
systems. During the conversion of electricity in transformers, the temperature rises; this condition rise directly affects
the performance of the electrical transformers, their average life, maintenance costs, in addition to their risks, such as
combustion to which they are exposed [1]-[4]. The efficiency of the electric transformer is greatly reduced when the
maximum temperature is reached. Accordingly, the transformer faces many challenges. The unwanted heat is dissipated
into the atmosphere by the coolant via the fins to reduce the overheating of the transformer [5]-[8]. The cooling system
used for heat dissipation during the operation directly affects the performance and life of the power transformer [9].
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Recently, the topic of improving the cooling system of power transformers has posed a real challenge to many
researchers. Tsili et al. [10] numerically modeled the hydro-thermal performance characteristics of an oil natural air
natural (ONAN) transformer. The prediction of fluid flow and heat transfer characteristics of the transformer has been
conducted using the finite element technique. In a specific transformer, the proposed technique provided an integrated
simulation tool than can perform a detailed thermal distribution without having to know the values of the temperature
gradient. Mahdi et al. [11] numerically investigated the effect of fin shape on the thermal performance of a power
transformer. The temperature distribution of the power transformer for the four proposed fin shapes (rectangular shape
with circular/rectangular perforator and parallelogram shape from the top/bottom sides) is compared with that of the
traditional rectangular fin shape. The transformer with a parallelogram shape from the top showed the best thermal
performance among the five fin shapes. Bachinger and Hamberger [12] experimentally studied the thermal
characteristics of a power transformer under very low ambient temperatures (-30°C to -50°C) and different loads. An
inverse relationship between the temperature of the transformer and the ambient air temperature was observed under a
constant load. The use of fans to enhance the cooling resulted in higher rather than lower temperatures. Hajidavalloo
and Mohamadianfard [13] experimentally conducted tests in two methods to measure the effect of solar radiation on the
performance of the electrical transformer. A mathematical modeling was performed to examine the performance of the
transformer under direct and indirect radiation conditions. The modeling results were compared with the experimental
findings. The results indicated that the use of sun shield affects the reduction of the oil temperature. Accordingly, the
lifespan of the transformer increases by more than 24%. Sathyanarayana et al. [14] used an improved model to
demonstrate the effect of increased ambient temperature on the lifespan of the transformer. In cases studied within 100
years, an increase in the ambient temperature by 3.5°C caused a reduction in the calculated age of the transformer (3-6
years). Gastelurrutia et al. [15] numerically simulated the heat transfer characteristics of ONAN power transformers. In
the predicted results, the effect of turbulence modeling was assessed. This computational model can be utilized to study
the natural heat transfer of oil inside the transformer and its correlation with the outdoor ambient air. Abdolzadeh et
al. [16] numerically studied the heat transfer characteristics of a power transformer inside a closed space under different
operating parameters. The results showed that the closed space causes a decrease in the efficiency of the transformer
despite the low energy loss due to the lack of ventilation, as found in the transformers externally installed without a
closed space. Farhan et al. [17] numerically investigated the effect of fin shape and nanoparticles on the thermal
performance of the power transformer. The power transformer heat transfer and fluid flow of different rectangular fins
with curved corners and conical fins were compared with the traditional rectangular fin. The results indicated that the
curved corners can reduce the life of the transformer. Meanwhile, the conical fins demonstrated the best performance
compared with the conventional fins. Arguence and Cadoux [18] analytically determined the sizes of the power
transformers at the planning stage by using loads and the hot spot temperature of the distribution transformers. The
practical value of this method was evaluated by estimating the increase in the host capacity of the studied transformer
using a real-world data set. Wakil et al. [19] numerically studied the influence of the transformer configurations and the
effect of the oil flow rate at the inlet on the thermal performance of the power transformer. Different engineering
configurations and oil cooling flow rates were tested to improve the cooling of the power transformer. The results
indicated that the increase in oil mixing reflected the optimal homogeneity of temperatures and the best heat transfer.
Meanwhile, the increase in the flow rate of the oil in the inlet contributed to the increase in the cost without any
improvement on the heat transfer due to the configuration complexity. Gong et al. [20] numerically and experimentally
investigated the heat transfer and fluid flow of the 31.5 MVA / 110 kV ONAN power transformer. At different load
values, the mathematical model using the finite volume technique has been applied to calculate the hottest point on the
power transformer. Chereches et al. [21] numerically investigated the effect of the inlet flow rate on the thermal
performance of a 40 MVA power transformer with different cooling channel designs. In this transformer, the forced
convection for the air and oil was adopted, and a pump was used to circulate the oil and fan to ventilate the air in the
radiators. The results showed that the use of an obstacle placed near the inlet of the transformer improved the
performance of the transformer because it helped direct the oil flow and cooled the active parts. Kim et al. [22]
numerically and experimentally investigated the performance characteristics of two types of power transformer: oil
natural air natural (ONAN) and oil-directed forced air natural (ODAN). A comparison of the performance characteristics
between the ONAN and the ODAN transformers was conducted on the basis of the cooling capacity, the temperature
difference between the top and the bottom of the transformer, and the distribution of the coolant temperatures. The
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results showed a 20.1% improvement in the thermal performance when ODAN was used instead of ONAN. The
performance enhancement of the power transformer has been studied numerically and experimentally by Gamil et
al. [23]. Numerically, the finite element technique was used to predict the transformer characteristics in terms of heat
transfer and fluid flow. They have been reported that the prediction accuracy of the transformer characteristics, such as,
the hot spot temperature and transformer life are depending mainly on the accuracy of analyzing the thermal losses of
transformer components. Hannun et al. [24] carried out a numerical study to the improve the power transformer
performance using external air heat exchanger. The effects of several external heat exchanger parameters (pipe diameter,
pipe length, and air inlet velocity) on decreasing the average oil temperature have been studied. The results have been
shown that the performance of the power transformer improved effectively when using the earth air heat exchanger. It
was noticed that the oil temperature decreased by 18.5°C under the boundary conditions of this study. The effect of oil
characteristics on the enhancement of power transformer thermal performance has been investigated numerically by
Hasan [25]. In this study, a new oil as coolant for the power transformers has been used and compared it to a
conventional transformer oil. The suggested coolant is an oil mixed with paraffin wax as a variable phase substance with
(5-25%) volume concentrations. The obtained results showed that the addition of phase change of paraffin wax
transformer to the oil contributes to improving the transformer thermal performance by decreasing the oil temperature
and hence increased transformer life.

Many electrical transformers experience constant failure in the summer due to the hot climate conditions. As
well as, the literature review indicated clearly that the high temperature is the main factor that have a significant effect
on the efficiency of the electrical transformers. So, the main aim of the current study to improve the performance of
electrical transformers in countries with hot climate conditions to prevent the transformers from collapsing, extend their
lifespan, and reduce their maintenance. As this study focuses on using passive heat transfer enhancement techniques to
improve the thermal performance of the electrical transformer. The effect of different shapes of the transformer along
with various the shape and arrangement of the fins have been investigated on the cooling performance of the electrical
transformer.

2. Numerical methodology
2.1 Physical model

Figure 1(a) shows a real picture of a three-phase power distribution transformer (250 kVA ONAN) used in the
study. Figure 1(b) shows the schematic of the transformer.

(a) Transformer real (b) Transformer computational

Figure 1. 250 kVA ONAN traditional electrical power transformer
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The details of the dimensions of the ONAN distribution transformer used in this study are illustrated in Table 1.
The electrical coils are stationed at the center of the transformer. The distance between the coils and the body of the
external transformer is filled with electrical transformer oil, which is the medium that transfers the heat generated from
the coils to the ambient air through the fins. The mutual induction between two circuits associated with a common
magnetic flux is the material basis of the transformer. In the internal structures of the transformer, the temperature
rises due to the heat generated during its operation. In general, transformers that operate at a low efficiency have high
temperatures due to large losses. Meanwhile, efficient transformers have low temperatures and losses.

Table 1. The electrical coils are stationed at the center of the transformer

Descriptions Dimension
Casing height 0.7m
Casing length 0.9m
Casing width 0.45m
Fin height 0.6m
Fin length 0.2 and 008 m
Total number of fins 50
Space between fins 0.04m
Total fins area 9.6m’
Total transformer area 12.3m’

2.2 Proposed transformer geometry and fin shape

A comparison study has been conducted on the several proposed changes in the geometry of the transformer
that may affect heat transfer process to improve the performance of the conventional electrical transformers. The
proposed designs may allow additional heat to spread to the ambient air while maintaining the transformer outer
circumference. Two geometries of the electrical transformers (circular and hexagonal) with the same surface area as
conventional rectangular transformers (12.3 m’) are suggested. Figure 2 shows the traditional transformer and the new
proposed transformer geometries with their important dimensions. The shape of the fins and their distribution around
the circumference of the transformer directly affect the performance and the heat dissipation from the oil to the outer
circumference of the transformer. Accordingly, the performance of the transformer with semicircular trapezoidal fins
is compared with that of the transformer with a traditional rectangular fin shape. The effect of the arrangement of the
trapezoidal fins (asymmetric fin heights and perforated fins) on the hexagonal transformer is examined. The total fins
area with the same surface is 9.6 m”. Figure 3 shows the proposed fin shapes.

0.6m

‘hﬁh‘
0.08m

(a) Rectangular transformer geometry
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(b) Circular transformer geometry
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(c)Hexagonal transformer geometry

Figure 2. Conventional rectangular power transformer and proposed transformer geometries
0.31m

0.275m
0.1m
0.6m

0.192m 0.11m 0.1m 0.15m

(a) Rectangular (b) Semi-circular (c) Trapezoidal (d) Trapezoidal-perforated

Figure 3. Rectangular fins and the proposed fin shapes

2.3 Computational model
2.3.1 Boundary conditions

The boundary conditions must be first determined to facilitate the numerical solution of a mathematical model for
simulating the selected power transformer. The working conditions, such as the ambient temperature, air velocity, and
coil temperature, were determined on the basis of the information provided by the laboratories that is related to those of
the ONAN power transformers. Figure 4 shows the 3D computational domain that indicates the boundary conditions
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for all regions. The following are the conditions for the electrical transformer parts, such as oil, body of the transformer,
and its fins: (1) Ambient: the external environment of the electrical transformer is represented by static air under 1
atm pressure and different temperatures determined for the study. (2) Core: the inner coils were the surfaces emitting
heat, and their minimum and maximum temperatures were determined under the operating conditions of the electrical
transformer. (3) Oil: the distance between the windings and the walls of the transformer is filled with oil, and the area
is defined with the oil specifications changing with temperature. (4) Side, upper, and lower walls: the top and bottom
surfaces and sides of the transformer are defined as the heat transfer surfaces generated with the heat transfer coefficient
of the load (0.5 W/m? K). (5) Fins: the sides of the transformer represented by the fins are defined as the diffused
surfaces of heat generated to the ambient air with the heat transfer coefficient (1 W/m? K) indicating the transfer of heat
by the load. (6) Fluid velocity: Nonslip conditions are applied on all solid surfaces (exterior and interior). The above
defined areas have an initial temperature of 298 K.

Upper
Core (wall) (Convection)
Tank
(Convection)
Fins
(Convection)
Oil
Ambient (air)

Lower (wall)

Figure 4. Computational domain for the power transformer

2.3.2 Governing equation

Simplification and assumption have been conducted to simplify the model. The solid insulation layers are not
created in the geometric model to minimize the complexity and guarantee the grid quality. The movement of the
ONAN transformer oil depends on the buoyancy phenomenon. The effect of radiation is negligible. The 3D CFD model
calculations for the steady incompressible oil and air flows (oil inside and outside the transformer tank) are based on the
three main equations, namely, continuity, momentum, and energy.

Continuity equation

VU =0 O
Momentum equation
V.(pU)U =-VP+V2 (uU)+9(p-p.) @
Energy equation
V.(pC,UT)=V>.(2T) 3)
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where U is the velocity vector, P is the local fluid pressure, 7' is the fluid temperature, p is the fluid density, x is the fluid
dynamic viscosity, g is the acceleration of gravity, Cj is the fluid specific heat, and / is the fluid thermal conductivity.

The oil properties, such as density, specific heat, viscosity, and thermal conductivity, will change with temperature.
The temperature influence of the mineral oil properties is given in the following equations [19]:

p=1098.72-0.712T @)
C,=807.163+3.58T,, 5)

1 =8.467x107 —4x107*T,, +5x107T,, 6)
2=15.09x102-7.101x107°T,, D

2.4 Numerical solution

A finite volume method was applied to solve the differential equations for the simulation of the ONAN transformer
model. The computational domain was divided into tetrahedron grids to obtain accurate results. The setup must be
completed to enable calculations by ANSYS FLUENT (2019 R3) solver and conduct simulation. The steady-state
problem was investigated in this study. The SIMPLE algorithm was selected for the solution methods. Velocity and
pressure gradients were calculated to solve the momentum equation. In this study, the initial pressure, initial transformer
temperature, initial oil temperature, oil properties, and air temperature were defined. Although the flow was natural or in
a laminar flow range, the RNG-k-¢ model has an extra term in its equation that significantly improves the accuracy for
quickly stressed flows. This model can be actualized to improve the study of the effect of swirl and enhance the accuracy
for swirling flows. RNG-k-¢ theory provides a scientifically determined differential equation for viable consistency. The
viable utilization of this component does depend on an appropriate treatment of the near-wall region in any case.

2.5 Grid sensitivity and verification of the numerical model

Grids are considered one of the most important steps in CFD calculation. High quality grids could improve
the result. Given the large scale of the total height and relatively small scale in the radial dimension. In this case, an
optimization is needed to obtain an alternative solution for meshing. An alternative way is to reduce the number of grids
in the nonsensitive area such as the solid coil, where a low-density quad grid can be used instead of high-resolution
grids. The boundary layer near the solid wall should be considered because the transformer oil has a high viscosity. The
space between the solid coil and the external transformer body is actually the heat exchanging surface. Highly refined
grids are needed in this area to capture the fluid phenomenon. The outer view of the mesh used for the computational
model of the hexagonal transformer is shown in Figure 5. The construction of a grid for the body by choosing the
appropriate size of the grid that guarantees the accurate results in the shortest possible time is considered one of the
important stages of any numerical simulation. Specifically, a balance between the accurate results and their exposure
time is necessary to determine the size of the mesh for the body. The improvement of the quality of the solution may
necessitate the creation of other grids until the required result accuracy is reached. Meanwhile, the inappropriate use
of the grid leads to deviations in the solution. Several tests were conducted for all the proposed configurations of the
transformer in this study under fixed conditions, including the air and coil temperatures of 308 and 360 K, respectively.
The grid size was changed to ensure that the number ranged between 400,000 and 1,600,000. After performing the
simulation, the results of the grid sensitivity test were represented in Figure 6. This figure shows the relationship
between the number of selected elements and the average oil temperature. The figure shows all the proposed
transformers. The oil temperature of the transformer stabilized after 1,250,000.
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Figure 5. Outer view of the mesh generated. The zoomed image is the hexagonal transformer
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Figure 6. Grid size sensitivity test for the different transformer geometries

The developed numerical model must be validated to reach reliable simulation predicted results. After the
numerical model of the traditional ONAN transformer was established and simulated using the ANSYS numerical
analysis program within the ambient conditions, the comparison of the simulation results with the experimental data
was performed. The numerical simulation results were compared with the experimental data of the practical ONAN
transformer, by changing the temperature of the transformer between 335 K and 375 K and the ambient air temperature
in the transformer between 308 K and 283 K, under the Iraqi summer and winter weather conditions. The above-
mentioned effects on the temperature increase of the transformer oil were also discussed. The comparison of the thermal
characteristics of the transformer oil with the temperature change of the windings was represented in the summer and
winter conditions of Iraq for the practical and numerical studies. Figure 7 shows a comparison between the numerical
and the experimental results of the average oil temperature with a change in the temperature of the windings. A clear
convergence was observed between the experimental and the numerical results of the average temperature of the
transformer oil. We observed a slight maximum local and average difference rate of 7% and 3% for the summer season
and 6% and 4% for winter season. This convergence between the numerically predicted results and the actual outputs
of the practical transformation with an error rate within the acceptable range makes this model reliable. The difference
is due to two main reasons. First, some losses in the experimental side are observed, and the accuracy of the measuring
devices that used is poor. Second, the numerical side is based on a set of assumptions for performing numerical
simulations.
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Figure 7. Comparison between the experimental and the numerical results of the variation of the average oil and core temperature

3. Experimental methodology
3.1 Experimental test rig

A 250 kVA distribution transformer (Figure 1), which is widely used in the Iraqi electricity network, is selected as
a case study. The transformer dimensions are tabulated in Table 1. A three-phase distribution transformer (250 kVA, 11/
0.416 kV, core type, oil immersed, and natural convection) has been assembled and provided with the necessary sensors
for testing in the electrical industries in Baghdad / Iraq. The experimental setup of the ONAN transformer similar to
the thermal test in the laboratory is shown in Figure 8. The transformer consists of coils, a core assembly, three copper
coils, and a steel core linking them. These items are immersed in the transformer oil contained in the transformer body
equipped with fins to increase the heat transfer area. The transformer oil plays two important roles: a cooling medium
transfers the heat generated in coils and core into outer walls to dissipate it to the outside; and electric insulator. The
available data indicated that the heat generated in the transformer in a full load situation is 1000 W from each coil and
500 W from the core. This generated heat must be dissipated to maintain the temperature of oil at a certain accepted
level.

After the ONAN transformer was assembled, and all first electricity laboratory tests were conducted, the losses of
power transformer were successfully measured. The transducer was transferred to a special laboratory to be subjected to
loads on the coils and monitor the oil temperature over time. The electrical transformer was prepared for thermal testing
according to the following steps:

1. The work (short circuit) of the poles of the electrical transformer coils of the low voltage (LV) and the
connection of the high voltage (HV) with wires provide the voltage that is determined by the examiner. The amount of
voltage applied is related to the high temperature of the electrical coils, thereby causing an increase in the temperature
of the oil.

2. The transformer is provided with a set of eight type-K thermocouples distributed as follows:

— Four thermocouple sensors are installed on both sides of the tank facing the LV and HV at the top and bottom.

— One thermocouple sensor is placed inside the tank to measure the oil temperature.

— Three thermocouple sensors with dispensers with jugs containing an amount of oil are placed 1 m from the sides
of the transformer to measure the ambient temperature.

Digital thermometers were used to measure the temperature from the calibrated thermocouples. The thermometer
has recording capabilities and computer interface with an accuracy of 0.1% + 0.5°C. After completing the above-
mentioned two steps, tests are carried out according to IEC60076 by setting the specified amounts of voltages. We
manually recorded the temperature sensor readings for each operation for 1h until the oil temperature stabilizes. The
operating hours must not be less than seven consecutive hours. The readings are fixed to a list prepared by the laboratory
to convert it into a program to map the rate of oil temperature rise over time.
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Figure 8. Experimental setup of the ONAN transformer similar to the thermal test in the laboratory:
(a) Electrical power transformer; (b) Section of fins with temperature sensors installed;
(c) Processing unit; (d) Connection to the voltage supply; (¢) Control and monitoring unit

3.2 Experimental procedure

After the electrical transformer were prepared, the tests related to the current study were conducted. These tests
include temperature tests for the atmosphere 10°C and 35°C, i.e. making the electrical transformer in winter and
summer time for Iraqi weather conditions. After the air temperature in the laboratory was determined (for example,
winter), a specific value was dropped from the voltages to the transformer. We recorded the temperature sensors for 1 h
until the temperature of the oil has stabilized. The number of test hours must not be less than seven consecutive hours.
In the following day, the experiment was repeated at the same voltage to check the recorded readings. The rechecking
was conducted by assigning another value to the voltage at the same selected air temperature. The test was performed
in the same manner. The process of projecting five voltages with the same ambient temperature was repeated to obtain
an average oil stable temperature and the transformer temperature. The above-mentioned method of examination was
repeated, but with a temperature of the ambient (summer) and with the same voltage values used in the first examination.
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4. Results and discussion

The effects of the proposed changes on the geometry of the transformer and the shape and arrangement of its fins
are analyzed and discussed. The first part of the section shows the effect of the transformer geometry on the cooling
performance. The suitable transformer geometry that achieves the optimal thermal performance is then determined. The
second part shows the effect of fin shapes on the performance of the transformer to the optimal transformer geometry
chosen in the first part. The third part tests the effect of fin arrangement on the circumference of the transformer. This
part determines the effect of the optimal shape of the fin that was identified from the second part on the performance of
the transformer.

4.1 Effect of transformer geometry

As previously explained, the maximum hot spot temperature of the transformer must be reduced to increase its
efficiency and longevity. The comparison of the proposed designs with the conventional design of the transformer
will be based on that temperature. Figure 9 shows the temperature oil contours for the different geometries, namely,
rectangular, circular, and hexagonal, under an air temperature of 308 K and core (coil) temperature of 365 K. The
temperature of oil at the upper section is higher compared with that at the lower section for all geometries. Moreover,
the temperature gradually changes between two sections. A decrease in the temperature of the oil at the middle of the
top surface of the transformer can be observed due to two main reasons. First, the top surface is in a direct contact with
the surrounding air, and the oil layer in this area is thin. The heat transfer at that region is high, and a decrease in the
oil temperature is observed. The second reason is due to the location of the files inside the transformer and the method
of dispersing the heat. The heat that dissipates toward the sides of the transformer is greater than that disperses to the
top surface of the coil, thereby causing an increase in the oil temperature at the sides. Accordingly, the density of the
oil varies, and the less dense oil rises to the top, taking the shape surrounding the coil. The temperature of the oil on the
sides of the upper surface must be as high as possible. The hexagonal transformer has a better performance compared
with the three transformer geometries. This result is due to the lower oil temperature at the hexagonal transformer
shape than those of the circular and rectangular transformer shapes. The temperature of the circular transformer shape
is less than that of the rectangular one. Hence, the proposed designs (hexagonal and circular) are better than the original
one (rectangular shape). For instance, the temperature differences of oil are 22°C, 24°C, and 25°C for rectangular,
circular, and hexagonal geometries, respectively. This result indicates that changing the shape of the transformer plays
an important role in improving the heat transfer despite maintaining the surface area of the transformer. The proposed
designs contributed to the increase in heat dispersion to the atmosphere, especially the hexagonal transformer shape, due
to the increase in the transformer sides while reducing the number of fins in one side. This situation leads to the non-
accumulation of heat in the middle fins compared with that in the original transformer. The location of the coil in the
hexagonal transformer faces several sides, thereby allowing for a great heat exchange.
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(c) Hexagonal geometry

Figure 9. Temperature oil contour for the different transformer geometries

The oil temperature values of the transformers increase to high and critical values when the ambient temperature
increases. This situation is one of the serious problems that cause failure of the electrical transformers, especially when
operating in a hot climate and extreme load conditions. The aforementioned condition may result in the collapse of the
transformer and stop its operation. Figure 10 indicates the variation of the average oil temperature of the rectangular,
circular, and hexagonal geometries with outside air temperature at the coil temperature of 363 K. The air temperature
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of 328 K was chosen as the maximum temperature to simulate the maximum air temperature in summer for Iraqi
ambient air. The figure shows that the average oil temperature for the different transformer geometries increases with
the increase in the outside air temperature due to the decrease of the heat dissipation to the outside as a result of the
decreasing temperature difference. This situation leads to the accumulation of heat in the oil. The transformer with
a circular shape demonstrated a decreased oil temperature of 3.4% compared with that with a rectangular shape.
Meanwhile, the percentage of reduction in the temperature of the oil reached 4.7% when the hexagon transformer was
used. Figure 11 shows the variation of the average oil temperature of the rectangular, circular, and hexagonal geometries
with inside coil temperature at air temperature of 308 K. This figure shows that the average oil temperature of the
different transformer geometries increases with the increase in the inside coil temperature due to the decrease in the heat
dissipation to the outside as a result of the decreasing temperature difference. This situation leads to the accumulation of
heat in the oil. The temperature changes of the oil for all the proposed shapes of transformers have a converging value
at constant air temperature. This phenomenon is due to the rate of heat transfer from the coils to the oil that depends on
the difference in the density of the oil. The transfer of heat from the oil to the ambient air is through the fins and with a
high heat transfer rate. The surface area for heat transfer from coils to oil is less than that for heat transfer from the oil
to the air. Accordingly, the oil temperature changes for all shapes with converging values. However, the oil temperature
of the hexagonal transformer is the lowest compared with those of the other shapes. Figures 10 and 11 demonstrate that
air temperature is an influencing factor on oil temperature. The oil is considered a coil insulator and a heat transfer to be
dissipated from the coils to the surrounding environment. The effects of the high temperature of the oil are as follows:
the density of the oil changes, and a buoyancy phenomenon occurs. Figure 12 shows the variation of the average oil
density with outside air temperature for the three types of transformer geometries. The density behavior of the oil is
completely opposite to the behavior of the oil temperature. This condition corresponds to the logic. The figure exhibits
that the average oil density when using a hexagonal shape is larger than that when rectangular and circular shapes are
utilized and decreased with increasing outside air temperature for all different transformer geometries. Heat flux is one
of the important determinants in evaluating the performance of electrical transformers. Figure 13 shows the variation of
the heat flux at the transformer outer walls with outside air temperature for the three types of transformer geometries.
This heat flux provides an indication about the amount of heat that can be dissipated to the surrounding air. The amount
of heat transferred when using hexagonal geometry is larger than those when rectangular and circular geometries
are utilized. This phenomenon is due to the high temperature difference between the outer surface of the fins and the
ambient air temperature. In all the cases under study, a linear decrease in the heat flux is observed with the increase in
air temperatures.

360
~Rectangular geometry

. Circular geometry
M 358 Hexagonal geometry
5]
£ 356
(]
2
5
= 354
RS}
% 352
S
< 350

348

290 300 310 320 330

Air temperture [K]

Figure 10. Variation of the average oil temperature with outside air temperature for the different transformer geometries
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Figure 11. Variation of the average oil temperature with inside core (coil) temperature for the different transformer geometries
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Figure 12. Variation of the average oil density with outside air temperature for the different transformer geometries
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Figure 13. Variation of the average removed heat flux with outside air temperature for the different transformer geometries

4.2 Effect of fin shapes

The results from the previous section showed that the hexagonal shape of the transformer has a better performance
compared with the other geometries. The performance of the hexagon transformer was evaluated relative to the effect of
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the distance between the fins. A slight improvement in the performance was observed when the distance was increased
from 4cm to Scm. The distance of Scm will be the distance between the fins for this case. This section tests the effect of
the fin shape on the thermal performance of the hexagonal transformer. Three different fin shapes, namely, traditional
rectangular, semicircular, and trapezoidal, will be tested. Figure 14 shows the temperature oil contour of the hexagonal
transformer geometry with rectangular, semicircular, and trapezoidal fins shapes. A decrease in oil temperature was
observed in the trapezoidal fin compared with the traditional one (rectangular). This phenomenon was due to the
increased heat dissipation in the upper region of the transformer resulting from an increase in the surface area in that
region compared with the bottom region. Such phenomenon was also due to the maximum heat transfer resulting from
a high difference in temperature between the oil and the ambient air. The upper region of the transformer showed the
highest oil temperature compared with the other transformer regions due to the difference in oil density. Accordingly,
a larger surface area can be acquired at that region to obtain high heat dissipation with ambient air. This result was
obtained when the trapezoidal fin was used.
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Figure 14. Temperature oil contour of the hexagonal transformer geometry with different fins shapes

Figure 15 shows the variation of the average oil temperature with outside air temperature of the hexagonal
transformer geometry with different fins shapes (rectangle, semicircle, and trapezoidal). A direct proportion of the
oil temperature with the ambient temperature of all the proposed fins for the transformer is observed. The lowest oil
temperature is observed for the trapezoidal fin, followed by the rectangular and semicircular fins, as indicated in the
previous figures.
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Figure 15. Variation of the average oil temperature with outside air temperature of
the hexagonal transformer geometry with different fins shapes

4.3 Effect of fin arrangements

The previous section indicated that the change in the shape of the fin has a significant role in increasing the
heat transfer rates. The trapezoidal shape of the fin provides a good heat transfer between the transformer oil and the
ambient air. Accordingly, the hexagonal transformer with trapezoidal fins was chosen. This section will focus on the
study of the effect of the arrangement of fins on the thermal performance of the selected transformer. Figure 16 shows
the temperature oil contour of the hexagonal transformer geometry for the trapezoidal fins with several arrangements.
This study presents two models for the trapezoidal fin. The first model is the alteration of the asymmetric fin heights
by repeatedly changing the heights of the fins. The second model includes perforation. The result showed that the
asymmetric fin heights of the trapezoidal fin demonstrated a better performance compared with that of the original
trapezoidal fins because the minimum oil temperature decreased by 3°C. An optimal thermal performance was also
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obtained when the trapezoidal fin was perforated. This phenomenon was attributed to the cutting area of the trapezoidal
fin that was offset by an area added to the fin itself to ensure that the surface area specified for the fin was preserved.
Moreover, the same amount of oil was preserved inside the cavity of the fin. The area harvested from the fin created
additional ventilation for the fin, and it ensured the circulation of the oil inside the annular cavity, thereby increasing the
cooling rate of the oil. The low temperature of the trapezoidal fin arrangement decreased by 9°C.
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Figure 16. Temperature oil contour of the hexagonal transformer geometry for the trapezoidal fins with several arrangements
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Figure 17 demonstrates the variation of the average oil temperature with outside air temperature of the hexagonal
transformer geometry for the trapezoidal fins with several arrangements. The previous explanations indicated that a
constant behavior of the oil temperature with the ambient temperature was observed for all models presented in the
study. The above figure exhibits that the oil temperature follows the same behavior as it increases with the increase in
ambient temperature. A low oil temperature was also observed when the perforated trapezoidal fins were used for the
hexagonal transformer and for the reasons mentioned above.
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Figure 17. Variation of the average oil temperature with outside air temperature of
the hexagonal transformer geometry for the trapezoidal fins with several arrangements

4.4 Overall optimization

In this section, the overall performance improvement of the hexagonal transformer with a perforated trapezoidal
fin comparison to the traditional rectangular transformer will be discussed. Figure 18 shows the variation of the
average oil temperature with outside air temperature to compare between the traditional rectangular and the new design
transformers. It can be noted that the relationship between oil temperature and air temperature for both configurations
is linear and directly proportional. Furthermore, this figure demonstrates an effective decrease of the oil temperature for
the hexagonal transformer with a perforated trapezoidal fin reached 12% compared with the conventional rectangular
transformer. the reason behind that is the increase the heat transfer surface areca with surrounding due to the use
of perforated trapezoidal fin and the hexagonal transformer shape. Hence, it can be concluded that the hexagonal
transformer with a perforated trapezoidal fin gives the best performance among the series of improvements on the shape
of the transformer and the shapes and arrangements of the fins.
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Figure 18. Variation of the average oil temperature with outside air temperature between the original and the new design transformers

5. Conclusions

Power transformers are considered one of the essential equipment for electrical power distribution and
transmission systems. In this work, new changes to the geometry of the transformer and the shape and arrangement of
fins were proposed to improve the cooling performance of the ONAN power transformer by reducing the maximum
oil temperature. Numerical prediction analysis was performed by using 3D finite volume technique and CFD. The
numerical simulation model was validated with the experimental work. A clear convergence was observed between the
experimental and the numerical results of the average temperature of the transformer oil. The simulation model was
considered reliable when the maximum error was approximately 4%. The following main important conclusions can be
drawn:

1. The geometry of the transformers plays an important role in improving the heat transfer despite their similar
surface areas. The proposed circular and hexagonal shapes reduced the average oil temperature by 3.4% and 4.7%,
respectively, compared with the traditional (rectangular) transformer shape.

2. Fin shape played a major role in the heat transfer process, and its effect was dependent on the large surface area
of the hot portions. The trapezoidal fin showed the lowest average oil temperature, followed by the rectangular and the
semicircular fins.

3. The asymmetric fin heights of the trapezoidal and perforated trapezoidal fins contributed to the improvement in
the cooling performance of the transformer. A good thermal performance was also obtained when the trapezoidal fin was
perforated.

4. An effective decrease in the oil temperature of the oil was observed when the hexagonal transformer with a
perforated trapezoidal fin reached 12% compared with the conventional rectangular transformer.
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Nomenclatures

Cp = specific heat, J/kgK

g = gravitational accelerating, ms”
H = height of the channel, mm

h = heat transfer coefficient, W/m*> K
I = current, ampere

P = pressure, Pa

T =temperature, K

T, = oil temperature, K

U = velocity, m s™

V =voltage, volt

Greek Symbols

p = density, kg m”

p,, = air density, kg m”

1 = dynamic viscosity, N s/m’

A = thermal conductivity, W/mK
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